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Abstract Achenes and receptacle tissue of Fragaria
vesca, L. cultivar Yellow Wonder were shown to con-
tain conjugated indole-3-acetic acid (IAA) that was not
soluble in organic solvents and yielded IAA after
strong alkaline hydrolysis, suggestive of IAA attached
to plant proteins. This solvent insoluble conjugated
IAA accounted for between 0.4 and 4 ng of IAA per
gram fresh weight of tissue in both achenes and recep-
tacles. To investigate this strawberry conjugate class
further, a polyclonal antibody was produced to IAA–
glycine attached to BSA that detected neutral indole
acid esters, monocarboxylic-amino acid IAA conju-
gates and IAA proteins. Using immunoblotting, both
achenes and receptacles of strawberry were shown to
have primarily an immuno-detectable band at 76 kDa.
Two-dimensional polyacrylamide gel electrophoresis
yielded a wide band that was analyzed by LC–MS/MS
analysis following in-gel trypsin digestion. Peptides
derived from the immuno-detectable band were tenta-

tively identiWed by peptide fragment analysis as being
from either a chaperonin related to the hsp60 class of
proteins or, alternatively, an ATP synthase. This is one
of the Wrst reports of an IAA modiWed protein in fruit
tissue.

Keywords ATP synthase · Auxin conjugation · 
Chaperonin · Fragaria vesca · Heat stress protein · IAA 
protein

Introduction

Fruit development and ripening correspond to a series
of genetically programmed developmental events regu-
lated by endogenous phytohormones and external fac-
tors such as light and temperature. For climacteric
fruits, research using physiological, biochemical,
genetic and reverse genetics approaches has clearly
demonstrated the critical role of the plant hormone eth-
ylene in initiating and regulating events associated with
ripening. Additional studies documenting changes in
hormone metabolism (Epstein et al. 2002), or changes
in the levels of plant hormones (Buta and Spaulding
1994), combined with investigations of the eVects of
hormone-related genetic transformation (Jones et al.
2002) or of the consequences of hormone treatments
(Cohen 1996), support the dynamic involvement of
multiple hormones in this developmental pathway in
tomato. Recent studies of several auxin transcription
factor homologs indicated their role in crosstalk
between ethylene and auxin during fruit development
(Swarup et al. 2002). Down-regulation of one of these
(DR12) in tomato resulted in a pleiotropic phenotype
including dark-green and blotchy ripening fruit,
enhanced Wrmness, and increased pigment accumula-
tion at the red-ripe stage (Jones et al. 2002).

While several plant systems have been used to study
hormonal relationships in fruit development and ripen-
ing in climacteric fruit, strawberry receptacles have
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speciWc advantages for such studies in a non-climacteric
fruit, and there exists a long history of research on this
fruit. Central to growth and ripening in the strawberry
is the production of auxin in the achenes, and the
dependence of the receptacle on auxin for growth (Nit-
sch 1950). The Xeshy part of the strawberry is derived by
the enlargement of the receptacle. The receptacle forms
a domed- or cone-shaped projection in the middle of the
Xower, and the pistils, which become the achenes, cover
the outside of the structure. Upon fertilization, the
ovule begins to produce auxin, which causes the recep-
tacle to enlarge. Upon cessation of auxin production by
the achenes, the receptacle begins to turn red and ripen
(Nitsch 1950; Given et al. 1988). As in the climacteric
fruit, tomato (Cohen 1996), auxin delays ripening in
strawberry at later stages of development (Given et al.
1988).

A number of genes involved in the physiological
events of strawberry fruit growth and ripening have
been shown to be auxin regulated (Reddy and Poova-
iah 1987; Manning 1994, 1998; Civello et al. 1999; Aha-
roni et al. 2002; Castillejo et al. 2004); however,
relatively little is known about how the metabolism of
auxin is regulated in this fruit. Several studies have
measured free auxin or free and conjugated auxin levels
in strawberry fruit tissue during fruit development (Nit-
sch 1955; Archbold and Dennis 1984; Archbold and
Dennis 1985; Hou and Huang 2004) but the regulation
of interconversion between these forms, which has
potential to regulate fruit size and quality, has not been
investigated.

Auxin metabolism in all plants that have been stud-
ied in detail involves not only the biosynthesis and deg-
radation of the free hormone, but also the process of
conjugate formation and hydrolysis (Woodward and
Bartel 2005). Adding to the complexity of plant auxin
metabolism is the fact that multiple biosynthetic path-
ways are known to be present in the same plant and
under developmental and environmental control
(Michalczuk et al. 1992; Epstein et al. 2002; Rapparini
et al. 2002; Sztein et al. 2002). In addition, conjugated
forms of indole-3–acetic acid (IAA) are present in plant
tissues and can be small molecular weight compounds
where IAA is linked via ester or amide bonds (Cohen
and Bandurski 1982) or higher molecular weight conju-
gates such as small peptides, protein, glycans and glyco-
proteins. Strawberry is known to contain both
extractable ester and amide IAA conjugates (Archbold
and Dennis 1984), but only IAA-glucose has been iden-
tiWed (Wawrzyjczak et al. 2000). Of particular interest
to us have been the protein conjugates for which IAA
appears to serve as a post-translational modiWer (Walz
et al. 2002), consistent with the observation that there
are no measurable levels of IAA derivatized free amino
acids in bean (Bialek and Cohen, 1986). We now report
that strawberry fruit, a classic system for studies of
auxin regulation of fruit development, contains an
IAA-modiWed protein as an important component of
its conjugate pool.

Materials and methods

Plant material

Seeds of Fragaria vesca spp. vesca f. semperXorens culti-
var Yellow Wonder from the collection at USDA/ARS
in Beltsville, MD were sown in Metro-Mix 510 (Sun-
Gro, Seba Beach, Alberta, Canada). Plants were culti-
vated in the greenhouse in Beltsville, MD under a 12 h
photoperiod supplemented with Na-halide lamps. Plants
were fertilized bimonthly with Miracle-Gro Tomato
Plant Food (18-18-21) (Scotts Miracle-Gro Products,
Inc., Marysville, OH) according to the manufacturers
directions. Primary or secondary fruit were harvested
from the primary inXorescence, weighed, and either
immediately frozen in liquid N2 or rapidly separated into
receptacles and achenes, which were then separately fro-
zen in liquid N2 after weighing, shipped on dry ice to the
University of Minnesota, and stored at ¡80°C until anal-
ysis.

Preparation of IAA–glycine immunogen 

IAA–glycine was linked to bovine serum albumin using
methods similar to those previously described (Yamagu-
chi et al. 1987) and using the suggested improvements for
water-based coupling (Sehgal and Vijay 1994). IAA–gly-
cine (5.2 mg, 22.4 �mol, Research Organics, Cleveland
OH) and N-hydroxysuccinimide (4 mg, 34.8 �mol,
Pierce, Rockford, IL) were dissolved in 0.8 ml dimethyl-
formamide (DMF). An excess of 1-ethyl-3-[3-dimethyla-
minopropyl] carbodiimide hydrochloride (EDC;
134.2 mg, 700 �mol, Pierce) in 3.9 ml of 0.1 mM 2-mor-
pholinoethanesulfonic acid buVer, pH 5.0 was added and
the reaction mixture incubated in 4°C for 100 min. This
reaction mixture was added to bovine serum albumin
(40 mg, 0.6 �mol, Sigma, St. Louis, MO) dissolved in
2 ml of 0.1 mM 2-morpholinoethanesulfonic acid (MES)
buVer, pH 5.0. The reaction was continued for 24 h at
4°C and the coupled protein product was dialyzed
through six sequential steps with: (1) 10% DMF in
10 mM MES pH 5.0; (2) 10% DMF in 10 mM MES pH
5.0; (3) 5% DMF in 10 mM MES pH 5.0; (4) Phosphate
buVered saline (PBS; 137 mM sodium chloride, 5 mM
sodium phosphate, pH 7.4.); (5) half-strength PBS; (6)
Distilled water. Each dialysis step was against 1 l of solu-
tion for 12 h and all steps were carried out in a 4°C cold-
room. MALDI-TOF mass spectra of the conjugated
immunogen were obtained on a Bruker Daltonics BiXex
III instrument equipped with an N2 laser, using sinapinic
acid (3,5-dimethoxy-4-hydroxycinnamic acid) as the
matrix, and unreacted bovine serum albumin for calibra-
tion, as previously described for a related immunogen
(Ilic et al. 2005). Antibodies were generated (Sigma
Genosys custom antisera, http://www.sigmaaldrich.com/
Area_of_Interest/Life_Science/Antibody_Explorer/Cus-
tom_Antiseraa.html) by subcutaneous injection into two
New Zealand white rabbits. Prior to the Wrst injection, a
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pre-immune bleed was collected, followed by a 77-day
schedule that included six immunizations per animal and
four bleeds per animal. The initial immunization was
given in complete Freund’s adjuvant and all subsequent
immunizations in incomplete Freund’s adjuvant. The
antibody derived from this procedure is referred to as
AbIAA–G–BSA and was tested for speciWcity to several
indolic compounds by an enzyme-linked immunosorbent
assay, essentially as described previously (Ilic et al. 2005)
except that the tracer was IAA–glycine linked to alkaline
phosphatase (calf intestine, #0108138; Roche Applied
Science, Indianapolis, IN). Microtiter plates were treated
with goat antirabbit FC-fragment (#401963; Calbio-
chem, San Diego, CA) before adding the AbIAA–G–
BSA. The tracer was reconstituted at 0.5 mg/ml and a
4,000£ dilution of this was used. Compounds analyzed
were tested at a range of concentrations from 1.0 pM to
10 nM.

Immunoblotting 

Achenes and receptacles from immature fruit of straw-
berry (F. vesca) and seeds from pea (Pisum sativum, line
I, Alaska-type) were frozen in liquid N2 and ground to a
powder in a liquid N2 frozen mortar and pestle (500 ml).
Dry seeds of Tepary bean (Phaseolus acutifolius), bush
bean (Phaseolus vulgaris, Burpee bush stringless), and
Arabidopsis thaliana (Columbia) were ground in a mor-
tar and pestle without freezing. The ground materials
were washed in a Wlter funnel (Whatman #1 paper) with
acetone at ¡20°C and the powder air-dried to remove
residual solvent. Proteins were extracted from the ace-
tone powders with Laemmli buVer (Laemmli, 1970) and
separated on a 10% denaturing polyacrylamide gel. The
proteins were blotted for 75 min at 0.8 mA/cm2 onto
nitrocellulose (BioRad) membranes. The membranes
were blocked with 5% (w/v) non fat dried milk in TBS
buVer followed by incubation with preimmune serum at
1:1,000 dilution, antibody Ab3.6 K raised against the
bean 3.6 kDa IAA peptide (Walz et al. 2002) at 1:1,000
dilution or with AbIAA–G–BSA at 1:1,000 dilution.
Detection was done according to the manufacturer’s
instructions using the immun-blot goat anti-rabbit IgG
(H + L)-alkaline phosphatase assay kit (#170-6460, Bio-
Rad), which is based on a nitroblue tetrazolium and 5-
bromo-4-chloro-3-indolyl phosphate colorimetric sub-
strate system.

Analysis of strawberry protein with IAA attachment

Total protein was extracted from strawberry achenes
with buVer (2% CHAPS, 5% beta-mercaptoethanol,
40 mM Tris–HCl) containing 7 M urea and 2 M thio-
urea. A sample containing 50 �g of protein was loaded
onto the Wrst-dimension isoelectric focusing system (pH
3-10 strip, 7 cm, #163-2000, BioRad), followed by SDS-
PAGE. The AbIAA–G–BSA detected protein spot on a
2D-PAGE gel was determined by locating the zone of
immuno reactivity on the membrane blot and matching

with the Coomassie Blue staining. The wide spot on the
gel was cut into four spots of increasing pI and analyzed
individually following in-gel trypsin digestion (Shev-
chenko et al. 1996). Samples were analyzed using an ESI
source on an ABI (Applied Biosystems, Foster City, CA)
QTRAP triple quadrupole with Q3 Linear Trap MS with
an Agilent capHPLC 1100 running a C18 capillary
(0.3 mm £ 100 mm) and an acetonitrile/water gradient.
MS-MS spectra were matched with NCBI’s (National
Center for Biotechnology Information, http://
www.ncbi.nlm. nih.gov/) non-redundant (NR) protein
database (Wheeler et al. 2001) using Pro ID (ABI) soft-
ware. Since there is only limited strawberry protein data-
base information, each spectrum was matched to the
closest peptide from all available plant species.

Quantitative analysis of IAA-protein content

The extracted total protein, after extensive acetone wash-
ing, was hydrolyzed in 7 N NaOH and puriWed on a
Baker C18 solid phase extraction column prior to GC-
MS analysis (Chen et al. 1988). [13C6]IAA was used as
internal standard (Cohen et al. 1986) and samples were
methylated with diazomethane (Cohen 1984) prior to
injection onto the gas chromatograph. Analysis was per-
formed by GC-MS (Model 6890 GC/5973 MSD, Agilent
Technologies, Palo Alto, CA). The molecular and quino-
linium ions for methyl-IAA at m/z 189/195 and 130/136,
respectively, were monitored (ions deriving from the
methyl esters of endogenous and [13C6]IAA, respec-
tively). The amount of IAA released by alkaline hydroly-
sis of the protein was calculated by the isotope dilution
equation.

Results

IAA–glycine linkage to BSA was studied by MALDI-MS
analysis (data not shown) which conWrmed that between
7 and 10 IAA–glycine residues were linked to each BSA
molecule, within the range recommended for antigens
(Landsteiner 1990). The antibody produced interacted
strongly, as expected, to IAA–glycine and less strongly to
a range of neutral esters of indolic acids (Table 1). Little
or no aYnity was seen with free tryptophan and the inter-
action with free IAA and the methyl ester of phenylacetic
acid were both very weak. Previous studies of IAA pro-
teins relied on an antibody, Ab3.6 K, generated from a
small 3.6 kDa IAA peptide isolated from bean (Bialek
and Cohen 1986; Walz et al. 2002). However, as shown in
Fig. 1, the Ab3.6 K cross-reacted with only a subset of
IAA proteins, presumably those related to IAP1 (Walz
et al. 2002), in several plant species. Some plant proteins
were not as well detected by Ab3.6 K antibody as by
AbIAA–G–BSA. The bean IAP1 protein [a 35 kDa pro-
tein that runs anomalously high on SDS-PAGE gels
(Walz et al. 2002)], both from Phaseolus vulgaris and
Phaseolus acutifolius (Tepary bean), was detected by both

http://www.ncbi.nlm. nih.gov/
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antibodies. The strawberry IAA proteins, which by 1D
PAGE appear as a doublet (Fig. 1) but more typically
appear as a single band (Fig. 3) at 76 kDa, were further
resolved on 2D PAGE as a broad band spanning almost
1.0 pI (Fig. 2). Protein at the same molecular mass was
detected by AbIAA–G–BSA in extracts from mature
achenes or from fruit tissue (Fig. 3).

The levels of protein-linked IAA were determined in
the cold acetone insoluble total protein extract from
whole fruit, receptacles without achenes, and in the
mature achenes. The level of IAA in protein in the recep-
tacles of immature fruit · 1 cm in length and in mature
but unripe fruit 1–2 cm in size was 0.55 § 0.14 ng/mg
fresh weight. In contrast, the level of IAA in protein in
whole fruit increased tenfold, from 0.41 to 4.0 ng/mg, as
the fruit increased in size. Surprisingly, fully mature ach-
enes contained 1.1 ng/mg protein-bound IAA, somewhat

less on a fresh weight basis than whole fruit at the 1–
2 cm size. This discrepancy may be due to the density of
the seed coat.

IdentiWcation of the IAA-protein was attempted using
LC–MS–MS (Table 2). The spectra obtained from multi-
ple peptides obtained from the 2D-PAGE analysis allowed
tentative assignment to two general classes of proteins with
scores of > 99% found in higher plants, HSP/Chaperonin
60-like proteins and an ATP synthase. Because no peptide
with adequate ionization yielded a strong IAA–peptide m/
z 130 quinolinium signature ion (Park et al. 2004), Wnal
assignment of protein identity containing the IAA moiety
will require further mass spectral analysis to obtain spectra
on a more complete set of peptides.

Discussion

In order to eYciently detect IAA linked to plant pro-
teins, it was desirable to develop a suitable antibody with

Fig. 1 Immunoblot analysis 
comparing proteins detected us-
ing an antibody prepared using 
the bean 3.6 kDa IAA–peptide 
as the immunogen (Ab3.6K, left 
gel blot) to the one detected us-
ing the antibody obtained when 
rabbits were injected with IAA–
glycine–BSA (AbIAA–G–BSA, 
right gel blot). Lanes were loaded 
with 30 �g of protein extracts 
prepared from seeds of Phaseo-
lus acutifolius (“T”, Tepary 
bean), Fragaria vesca (“S”, 
strawberry), Pisum sativum 
(“P”, pea), Phaseolus vulgaris 
(“B”, bush bean) and Arabidop-
sis thaliana (“A”), prepared as 
described in Materials and 
methods

Table 1 SpeciWcity of the AbIAA–G–BSA antibody to several
related indolic compounds determined using an enzyme-linked
immunosorbent assay

The tracer was IAA–glycine linked to alkaline phosphatase. Com-
pounds analyzed were tested at a range of concentrations from
1.0 pM to 10 nM and the concentration necessary to give a 50%
reduction in enzyme response is expressed relative to the concentra-
tion required to reduce the response by 50% when using IAA–glycine

Compound Relative 
detection

L-Tryptophan < 0.001
Phenylacetic acid, methyl ester 0.004 
Indole-3-butyric acid, methyl ester 17.439 
Indole-3-acetic acid, methyl ester 19.471 
Indole-3-acetyl-�-N-L-lysine 21.110 
Indole-3-acetyl-glycine 100.000 
Indole-3-acetyl-L-aspartate 0.578 
Indole-3-acetic acid 0.055 
4-Cl-indole-3-acetic acid, methyl ester 14.361 
4-Cl-indole-3-acetyl-L-aspartate 0.423 Fig. 2 Immunoblot analysis of 50 �g of strawberry achene proteins

resolved by two-dimensional polyacrylamide gel electrophoresis.
The IAA proteins were detected using the AbIAA–G–BSA antibody



1019
the required aYnity and speciWcity for immunoblots.
Antibodies elicited using IAA linked directly to a carrier
protein through the carboxyl have been most commonly
used for immunohistochemistry (Avsian-Kretchmer
et al. 2002; Thomas et al. 2002; Hou and Huang 2004,
2005), and were purported to detect IAA linked to pro-
teins. In our hands, such antibodies gave equivocal
results when tested with known IAA proteins, including
bean IAP1 protein and Arabidopsis IAA–peptides (data
not shown). This result could explain the lack of
response noted with tissue not treated with cross-linking
agents reported in the previous work. Earlier work by
our group employed an antibody, Ab3.6 K, obtained by
the injection of a 3.6 kDa peptide into rabbits without
linkage to any larger protein. This peptide was eVective
at identiWcation of a number of IAA proteins in several
plant species, and was used by us for a limited tissue
printing study in melon and tomato fruit (Cohen et al.
1995); however in some cases, it detected proteins with
little or no IAA attached (data not shown). Therefore,
we felt it necessary to design an antibody that would
more eVectively identify indoleacyl-modiWed proteins in
plants. As shown in Fig. 4, adding a glycine spacer
between IAA and BSA allows better access to the IAA
moiety, increasing the potential for elicitation of an anti-
body with greater speciWcity for the indole-acyl modiWca-
tion on the protein core. Consistent with this
expectation, the resulting antibody, AbIAA–G–BSA,

showed high speciWcity for neutral indolic esters and
IAA–glycine itself. Aspartate conjugates between IAA or
4-Cl-IAA were poorly recognized (Table 1) and this may
be due to the highly polar nature of the dicarboxylic acid
conjugates, or to the fact that the amino acid backbone
of dicarboxylic acid conjugates bend over the indole
nucleus in a hair-pin conformation (Antolic et al. 2001),
possibly shielding them from recognition by the anti-
body. Ab3.6 K and AbIAA–G–BSA detect IAP1 from
bean and Tepary bean on immunoblots, and IAA modi-
Wed proteins from pea and Arabidopsis are also detected
by both antibodies (Fig. 1). Analysis of the pea proteins
detected by AbIAA–G–BSA showed that some have
IAA and others have 4-Cl-IAA attached in amide link-
age (Ozga and Park, unpublished data).

Proteins from strawberry recepticles and achenes con-
tain IAA that is not extracted into organic solvents, but
which is released by strong alkaline hydrolysis. This con-
jugated IAA accounts for between 0.4 and 4 ng of IAA
per mg of tissue. This level of IAA in the IAA-protein
fraction was signiWcantly greater than the amount of ace-
tone-soluble IAA amide conjugate, most likely IAA-
amino acids, previously found in recepticle tissues (esti-
mated from the data in Archbold and Dennis (1984) to
be 0–50 pg/mg fresh weight). The protein conjugated
IAA values are comparable to the values that were
reported previously for free IAA (0.2–3 ng/mg) and ace-
tone extractable IAA amide conjugates (1.0–28 ng/mg) in
strawberry achenes (Dreher and Poovaiah 1982; Arch-
bold and Dennis 1984; Archbold and Dennis 1985),
indicative of its potential to be an important part of the
auxin economy in this plant.

Both receptacles and achenes contain solvent-insolu-
ble IAA conjugates. In both tissues, a 76 kDa band is
detected on the immunoblots of 1D gels (Fig. 3), and this
76 kDa band appears as a broad band on 2D gels (Fig. 2)
indicating heterogeneity in the isoelectric point. This iso-
electric point behavior could be due to variations in the
number of sites modiWed by IAA or other moieties, to
other structural features, or to more than one closely
related protein being present. Analysis of the peptides
resulting from tryptic digestion of several regions of this
broad band suggests that the same, or similar protein
sequences, are present throughout (Table 2). The appar-
ent molecular weight of the proteins on gels appears to
be somewhat higher than that predicted based on the
proteins identiWed by peptide analysis (60–63 kDa,
Table 2), however IAP1 from bean also displayed an
anomalous behavior on protein sizing gels, where gene
sequence and MALDI-MS identiWed a 35 kDa protein
that by electrophoresis ran as if its molecular mass was
42 kDa (Walz et al. 2002).

Knowledge about the presence of IAA-modiWed pro-
teins in fruit and achenes of strawberry has the potential
to help solve questions about the auxin relationships in
these tissues, and sheds light on a number of questions
raised in earlier studies about the highly variable levels of
IAA and known conjugates found during strawberry
development (Nitsch 1955; Archbold and Dennis 1984,

Fig. 3 Immunoblot analysis of strawberry achene and receptacle
proteins following polyacrylamide gel electrophoresis. Lanes were
loaded with approximately 30 �g protein. The IAA proteins were de-
tected using the AbIAA–G–BSA antibody
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1985; Hou and Huang 2004). Our analyses also open up
new questions concerning the use of immunohistochemi-
cal techniques for auxin detection. As shown, a sig-
niWcant amount of the IAA in strawberry fruit tissues is
linked to solvent insoluble proteins. Nevertheless, recent
reports where IAA is purported to be immunolocalized
in strawberry tissue preWxed with EDC (Hou and Huang

2004, 2005) failed to detect IAA in control tissues, which
while not being preWxed with EDC, should have
contained IAA linked to solvent insoluble protein. It
therefore remains to be determined if such immunolocal-
ization methods are detecting IAA or IAA-amino acids
randomly linked by EDC to cell proteins. It is also
important to determine why such methods failed to
detect endogenous proteins with an IAA moiety in the
control, non-preWxed samples. As shown in Fig. 1,
immunodetection of IAA modiWed proteins is not lim-
ited to strawberry, and thus eVorts using immunohisto-
chemistry to localize IAA in other species (Avsian-
Kretchmer et al. 2002; Thomas et al. 2002) need further
clariWcation.

Finally, IAP1, the IAA protein identiWed from bean,
is a late embryo abundant protein presumably involved
in storage with no other known function. Although the
identity of the strawberry protein has not been fully
resolved in this study, the possibility that IAA is linked
to proteins with chaperone or enzyme activity in actively
growing tissues opens up new possiblities for future stud-
ies on the biological signiWcance of hormone modiWca-
tion of cell proteins. A future area we plan to investigate
is the relationship between stress eVects on IAA metabo-
lism (reviewed in Ljung et al. 2002) and the activity of the
heat regulated proteins, ATP synthase (Majoul et al.
2004), chaperonin, and heat shock 60 protein (Baniwal
et al. 2004), identiWed here as candidates for indole-acyl
modiWcation in the strawberry.
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Table 2 Summary of assignments of protein identity based on pep-
tide scores following LC–MS–MS analysis of four spots from 2D
PAGE identiWed based on immunological detection using AbIAA–
G–BSA

MS–MS spectra were matched with NCBI’s NR protein database
using Pro ID (ABI) software. Only limited strawberry protein data-
base information is currently available, thus each peptide spectrum
was matched to sequences from all available plant species

Spot 
no.

Name Species Accession

1 Chaperonin 
precursor

Pisum sativum AAA66365.1 

ATP synthase Triticum aestivum CAA52636.1 
Heat shock 
protein 60

Prunus dulcis AAN63805.1 

2 Heat shock 
protein 60

Prunus dulcis AAN63805.1 

Chaperonin 60 Solanum tuberosum AAB39827.1
ATP synthase Triticum aestivum CAA52636.1 

3 Chaperonin 
precursor

Pisum sativum AAA66365.1 

ATP synthase Triticum aestivum CAA52636.1 
Heat shock 
protein 60

Prunus dulcis AAN63805.1 

4 No proteins 
identiWed 

at > 95%

Fig. 4 Computational analysis of IAA–glycine or IAA linked to a
lysine moiety of a BSA peptide fragment (ALVELLKHKPKATEE
QLKTVMEN) to illustrate the approximate geometry resulting
from the two linking strategies. The image was developed using

ArgusLab 4.0.1 software (Planaria Software LLC, Seattle, WA) us-
ing > 10,000 iterations each for generation of the two images with
optimized geometry



1021
costs of this work were oVset by the Mass Spectrometry and Prote-
omics Initiative of the University of Minnesota Center for Mass
Spectrometry and Proteomics. ArgusLab 4.0.1 software is a freely li-
censed product by Mark A. Thompson (Planaria Software LLC; ht-
tp://www.arguslab.com), whom we thank for making this package
available.

References

Aharoni A, Keizer LCP, Van Den Broeck HC, Blanco-Portales R,
Munoz-Blanco J, Bois G, Smit P, De Vos RCH, O’Connell AP
(2002) Novel insight into vascular, stress, and auxin-dependent
and -independent gene expression programs in strawberry, a
non-climacteric fruit. Plant Physiol 129:1019–1031

Antolic S, Kveder M, Klaic B, Magnus V, Koji-Prodic B (2001) Rec-
ognition of the folded conformation of plant hormone (auxin,
IAA) conjugates with glutamic and aspartic acids and their
amides. J Mol Struct 560:223–237

Archbold D, Dennis FJ (1984) QuantiWcation of free ABA and free
and conjugated IAA in strawberry achene and receptacle tissue
during fruit development. J Am Soc Hortic Sci 109:330–335

Archbold D, Dennis FJ (1985) Strawberry receptacle growth and
endogenous IAA content as aVected by growth regulator appli-
cation and achene removal. J Am Soc Hort Sci 110:816–820

Avsian-Kretchmer O, Cheng JC, Chen L, Moctezuma E, Sung ZR
(2002) Indole acetic acid distribution coincides with vascular
diVerentiation pattern during Arabidopsis leaf ontogeny. Plant
Physiol 130:199–209

Baniwal SK, Bharti1 K, Chan KY, Fauth M, Ganguli A, Kotak S,
Mishra SK, Nover L, Port M, Scharf K-D, Tripp J, Weber C, Zi-
elinski D, von Koskull-Döring P (2004) Heat stress response in
plants: a complex game with chaperones and more than twenty
heat stress transcription factors. J. Biosci 29:471–487

Bialek K, Cohen JD (1986) Isolation and partial characterization of
the major amide-linked conjugate of indole-3-acetic acid from
Phaseolus vulgaris L. Plant Physiol 80:99–104

Buta JG, Spaulding DW (1994) Changes in indole-3-acetic acid and
abscisic acid levels during tomato (Lycopersicon esculentum
Mill.) fruit development and ripening. J Plant Growth Regul
13:163–166

Castillejo C, de la Fuente JI, Iannetta P, Botella MA, Valpuesta V
(2004) Pectin esterase gene family in strawberry fruit: study of
FaPE1, a ripening-speciWc isoform. J Exp Bot 55:909–918

Chen K-H, Miller AN, Patterson GW, Cohen JD (1988) A simple
procedure for puriWcation of indole-3-acetic acid prior to GC-
SIM-MS analysis. Plant Physiol 86:822–825

Civello PM, Powell ALT, Sabehat A, Bennett AB (1999) An expan-
sin gene expressed in ripening strawberry fruit. Plant Physiol
121:1273–1279

Cohen JD (1984) A convenient apparatus for the generation of small
amounts of diazomethane. J Chromatogr 303:193–196

Cohen JD (1996) In vitro tomato fruit cultures demonstrate a role
for indole-3-acetic acid in regulating fruit ripening. J Am Soc
Hort Sci 121:520–524

Cohen JD, Bandurski RS (1982) Chemistry and physiology of the
bound auxins. Annu Rev Plant Physiol 33:403–430

Cohen JD, Baldi BG, Slovin JP (1986) 13C6-[Benzene ring]-indole-3-
acetic acid, a new internal standard for quantitative mass spec-
tral analysis of indole-3-acetic acid in plants. Plant Physiol
80:14–19

Cohen JD, Ilic N, Taylor R, Dunlap JR, Slovin JP (1995) Auxin
localization and metabolism during fruit growth and ripening in
cantalope. Cucurbitaceae ‘94, South Padre Island, TX, Gateway,
Edinburg, TX

Dreher TW, Poovaiah BW (1982) Changes in auxin content during
development in strawberry fruits. J Plant Growth Regul 1:267–276

Epstein E, Cohen JD, Slovin JP (2002) The biosynthetic pathway for
indole-3-acetic acid changes during tomato fruit development.
Plant Growth Regul 38:15–20

Given N, Venis M, Gierson D (1988) Hormonal regulation of ripen-
ing in the strawberry, a non-climacteric fruit. Planta 174:402–406

Hou ZX, Huang WD (2004) Immunohistochemical localization of
IAA in developing strawberry fruit. J Horticult Sci Biotechnol
79:693–698

Hou ZX, Huang WD (2005) Immunohistochemical localization of
IAA and ABP1 in strawberry shoot apexes during Xoral induc-
tion. Planta 222:678–687

Ilic N, Habus I, Barkawi LS, Park S, Stefanic Z, Kojic-Prodic B, Co-
hen JD, Magnus V (2005) Aminoethyl-substituted indole-3-ace-
tic acids for the preparation of tagged and carrier-linked auxin.
Bioorg Med Chem 13:3229–3240

Jones B, Frasse P, Olmos E, Zegzouti H, Li ZG, Latche A, Pech JC,
Bouzayen M (2002) Down-regulation of DR12, an auxin-re-
sponse-factor homolog, in the tomato results in a pleiotropic
phenotype including dark green and blotchy ripening fruit. Plant
J 32:603–613

Laemmli UK (1970) Cleavage of structural proteins during the
assembly of the head of the bacteriophage T4. Nature 227:680–
685

Landsteiner K (1990) The speciWcity of serological reactions. Mine-
ola, Courier Dover Publications, NY

Ljung K, Hull AK, Kowalczyk M, Marchant A, Celenza J, Cohen
JD, Sandberg G 2002 Biosynthesis, conjugation, catabolism and
homeostasis of indole-3-acetic acid in Arabidopsis thaliana. Plant
Mol Biol 49:249–272

Majoul T, Bancel E, Triboï E, Ben Hamida J, Branlard G (2004) Pro-
teomic analysis of the eVect of heat stress on hexaploid wheat
grain: Characterization of heat-responsive proteins from non-
prolamins fraction. Proteomics 4:505–513

Manning K (1994) Changes in gene expression during strawberry
fruit ripening and their regulation by auxin. Planta 194:62–68

Manning K (1998) Isolation of a set of ripening-related genes from
strawberry: their identiWcation and possible relationship to fruit
quality traits. Planta 205:622–631

Michalczuk L, Ribnicky DM, Cooke TJ, Cohen JD (1992) Regula-
tion of indole-3-acetic acid biosynthetic pathways in carrot cell
cultures. Plant Physiol 100:1346–1353

Nitsch JP (1950) Growth and morphogenesis of strawberry as relat-
ed to auxin. Am J Bot 37:211–215

Nitsch JP (1955) Free auxins and free tryptophane in the strawberry.
Plant Physiol 30:33–39

Park S, Higgins L-A, Cohen JD (2004) MS/MS Strategies for indole-
acylation in peptides. 52nd ASMS Conference on Mass Spec-
trometry and Allied Topics, Nashville, Tennessee

Rapparini F, Tam YY, Cohen JD, Slovin JP (2002) Indole-3-acetic
acid metabolism in Lemna gibba undergoes dynamic changes in
response to growth temperature. Plant Physiol 128:1410–1416

Reddy AS, Poovaiah BW (1987) Accumulation of a glycine rich pro-
tein in auxin-deprived strawberry fruits. Biochem Biophys Res
Commun 147:885–891

Sehgal D, Vijay IK (1994) A method for the high eYciency of water-
soluble carbodiimide-mediated amidation. Anal Biochem
218:87–91

Shevchenko A, Wilm M, Vorm O, Mann M (1996) Mass spectromet-
ric sequencing of proteins from silver-stained polyacrylaminde
gels. Anal Chem 68:850–858

Swarup R, Parry G, Graham N, Allen T, Bennett M (2002) Auxin
cross-talk: integration of signalling pathways to control plant
development. Plant Mol Biol 49:409–424

Sztein AE, Ilic N, Cohen JD, Cooke TJ (2002) Indole-3-acetic acid
biosynthesis in isolated axes from germinating bean seeds: The
eVect of wounding on the biosynthetic pathway. Plant Growth
Regul 36:201–207

Thomas C, Bronner R, Molinier J, Prinsen E, van Onckelen H, Ha-
hne G (2002) Immuno-cytochemical localization of indole-3-ace-
tic acid during induction of somatic embryogenesis in cultured
sunXower embryos. Planta 215:577–583

Walz A, Park S, Slovin JP, Ludwig-Muller J, Momonoki YS,
Cohen JD (2002) A gene encoding a protein modiWed by the
phytohormone indoleacetic acid. Proc Natl Acad Sci USA
99:1718–1723

http://www.arguslab.com
http://www.arguslab.com
http://www.arguslab.com


1022
Wheeler DL, Church DM, Lash AE, Leipe DD, Madden TL, Pon-
tius JU, Schuler GD, Schriml LM, Tatusova TA, Wagner L,
Rapp BA (2001) Database resources of the National Center for
Biotechnology Information. Nucl Acids Res 29:11–16

Wawrzyjczak D, Sowik I, Michalczuk L (2000) Transgeniczna
truskawka zawierajaca gen syntetazy estru glukozowego kwasu
indolilo-3-octowego (iaglu) zkukurydzy (Transgenic strawberry

carrying maize IAA-glucose synthetase gene (iaglu)). Biotechno-
logia 4:103–105

Woodward AW, Bartel B (2005) Auxin: regulation, action, and
interaction. Ann Bot (Lond) 95:707–735

Yamaguchi I, Nakagawa R, Kurogochi S, Murofushi N, Takahashi
N, W. WE (1987) Radioimmunoassay of gibberellins A5 and A20.
Plant Cell Physiol 28:815–824


	Strawberry fruit protein with a novel indole-acyl modification
	Abstract
	Introduction
	Materials and methods
	Plant material
	Preparation of IAA-glycine immunogen
	Immunoblotting
	Analysis of strawberry protein with IAA attachment
	Quantitative analysis of IAA-protein content
	Results
	Discussion
	Acknowledgements
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


